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Description 

METHOD AND APPARATUS OF 
REDUCING ARTIFACTS IN 
PHASE-CYCLED STEADY-STATE FREE 
PRECESSION IMAGING 

Background of Invention 

[0001] The present invention relates generally to MR imaging 

and, more particularly, to a method and system of reduc- 
ing artifacts in a phase-cycled steady-state free preces- 
sion (SSFP) acquisition. Phase-cycled SSFP acquires data 
multiple times from a given anatomical region, wherein 
each volumetric acquisition is acquired with a different RF 
phase increment. Thus, multiple volumes of data of the 
same anatomical region are acquired. The present inven- 
tion further relates to implementing a phase-cycled SSFP 
pulse sequence to acquire MR data for the first volume 
with a reverse elliptic centric view order and acquire MR 
data for the second volume with an elliptic centric view 



order. The present invention also relates to the playing 
out of a series of dummy acquisitions between imaging of 
the first and second volumes, and the gradual modulation 
of RF pulse phase increment while the dummy acquisi- 
tions are played out. 

[0002] when a substance such as human tissue is subjected to a 
uniform magnetic field (polarizing field B q ), the individual 
magnetic moments of the spins in the tissue attempt to 
align with this polarizing field, but precess about it in 
random order at their characteristic Larmor frequency. If 
the substance, or tissue, is subjected to a magnetic field 
(excitation field B i ) which is in the x-y plane and which is 
near the Larmor frequency, the net aligned moment, or 
"longitudinal magnetization", M^, may be rotated, or 
"tipped", into the x-y plane to produce a net transverse 
magnetic moment IVL A signal is emitted by the excited 
spins after the excitation signal B i is terminated and this 
signal may be received and processed to form an image. 

[0003] when utilizing these signals to produce images, magnetic 
field gradients (G , G , and G ) are employed. Typically, 

x y z 

the region to be imaged is scanned by a sequence of 
measurement cycles in which these gradients vary accord- 
ing to the particular localization method being used. The 



resulting set of received NMR signals are digitized and 
processed to reconstruct the image using one of many 
well known reconstruction techniques. 

[0004] phase-cycled SSFP imaging techniques are commonly 

used for high resolution imaging of structures such as the 
internal auditory canal, cervical spine or cartilage imaging, 
but also can be used for many other applications. SSFP is 
a technique for generating MR signals wherein hydrogen 
nuclei do not completely return to their thermal equilib- 
rium state. SSFP pulse sequence imaging relies upon a 
quasi-steady-state of magnetization in a subject being 
scanned by applying the SSFP pulse sequence at repetition 
times (TR) significantly shorter than the spin-lattice (Tl) 
and the spin-spin (T2) relaxation times of hydrogen nuclei 
in the subject. The SSFP pulse sequence includes a series 
of RF excitation pulses wherein the pulses typically have 
the same constant phase increment. SSFP pulse sequences 
typically achieve high signal-to-noise ratios within short 
scan times. Images produced by SSFP pulse sequences are 
also typically very sensitive to motion. 

[0005] with phase-cycled SSFP, multiple image volumes of the 
same region of anatomy may be acquired, each with its 
own steady-state phase-cycling scheme. Cycling the 



phase (i.e. incrementing the phase by a constant value at 
each TR) of the RF excitation pulse shifts the spectral fre- 
quency response, thus shifting the frequency at which the 
SSFP signal nulls (or "banding artifacts") occur. The result- 
ing image volumes are combined to obtain an image of 
the anatomy with the desired characteristics. For example, 
to avoid SSFP banding artifacts, the image volumes may 
be combined using a maximum intensity projection across 
volumes or Fourier Transform across several volumes. 
There are also related techniques that use complex addi- 
tion or subtraction to enhance contrast between water and 
fat. 

[0006] jo maintain a steady-state during data acquisition, the 
volumes are generally acquired sequentially. Interleaving 
data acquisition may be disruptive to the steady-state 
conditions created in each of the imaging volumes. Be- 
cause of the sequential acquisitions, there is a high prob- 
ability of subject motion causing mis-registration of the 
image volumes. Depending on the method used for com- 
bination of the image volumes, mis-registration may blur 
or obscure structures of interest altogether. 

[0007] one proposed solution to address and, preferably, reduce 
motion induced artifacts is predicated upon a reverse cen- 



trie phase encode acquisition for a first volume followed 
by a centric phase encode acquisition for a second vol- 
ume. With a reverse centric phase encode acquisition, k- 
space is scanned in a spiral pattern such that the periph- 
ery of k-space is sampled first during the scan and the 
sampling continues or spirals inward to acquire the cen- 
tral views of k-space at or near the end of the scan. In 
contrast, with a centric phase encode acquisition, the cen- 
ter of k-space is sampled early in the scan and sampling 
continues in a spiraled fashion toward the periphery of k- 
space. Elliptic centric view order, however, is generally not 
practical for SSFP pulse sequence protocols. 
[0008] The SSFP signal typically requires time on the order of 
three to five times the Tl value of the target tissue to 
come to a steady-state condition. For cerebrospinal fluid 
at 1.5T, twelve to twenty seconds is necessary for a 
steady-state condition to be achieved. Waiting as long as 
twenty seconds before imaging significantly increases 
scan time and negatively affects patient throughout. It is 
also generally well-known that oscillatory behavior is ex- 
perienced as the signal in the target tissue decays to 
steady-state. Numerous schemes have been developed to 
reduce oscillatory behavior, but it has been shown that 



these schemes work well only for spins near the resonant 
frequency. Off-resonant spins still exhibit oscillatory be- 
havior. As a result, since elliptic centric ordering acquires 
the center of k-space temporally first, image quality 
degradation is possible if the spins have not had sufficient 
time to decay to steady-state and still exhibit oscillatory 
signal fluctuations. 
[0009] it would therefore be desirable to have a system and 

method capable of elliptic centric phase order acquisition 
with phase-cycled SSFP pulse sequences for multi-volume 
imaging that reduces oscillatory conditions as steady- 
state conditions are achieved. 
Brief Description of Invention 

[0010] jhe present invention provides a system and method of 
MR data acquisition using a phase-cycled SSFP pulse se- 
quence with a reverse elliptic centric view ordering acqui- 
sition followed by an elliptic centric view ordering acquisi- 
tion for multiple volume imaging that overcomes the 
aforementioned drawbacks. 

[001 1] Multiple volumes of the anatomy of interest are imaged 

using a phase-cycle SSFP pulse sequence and a reverse el- 
liptic centric view ordering is used to sample a first vol- 
ume and an elliptic centric view ordering is used to sam- 



pie a second volume. A series of dummy acquisitions are 
played out between imaging of the first and second vol- 
umes. The time to play out the dummy acquisitions is 
used to modulate the phase increment of the RF pulses of 
the SSFP pulse sequence for the first volume to the phase 
increment of the RF pulses of the SSFP pulse sequence for 
the second volume. Oscillations in signal are reduced as 
the second volume is brought to a steady-state by gradu- 
ally ramping the RF pulse phase increment for acquisition 
from the first volume to the RF pulse phase increment for 
acquisition from the second volume. 
[0012] Therefore, in accordance with one aspect, the present in- 
vention includes a method comprising the steps of apply- 
ing at least one SSFP pulse sequence to acquire MR data 
for at least one volume of data for the anatomy of inter- 
est. The method further includes acquiring MR data for 
the at least one volume in an elliptic centric phase encode 
order. 

[0013] | n accordance with another aspect of the present inven- 
tion, an imaging protocol is disclosed and configured to 
image a first and a second volume. The protocol includes 
a first SSFP pulse sequence configured to acquire MR data 
for a first volume in a reverse centric phase encode order 



and a second SSFP pulse sequence configured to acquire 
MR data for a second volume in a centric phase encode 
order. The protocol also includes a discarded acquisitions 
segment configured to be played out after the first SSFP 
pulse sequence and before the second SSFP pulse se- 
quence. 

[0014] According to another aspect, the present invention in- 
cludes an MR apparatus having a magnetic resonance 
imaging (MRI) system having a plurality of gradient coils 
positioned about a bore of a magnet to impress a polariz- 
ing magnetic field and an RF transceiver system, and an 
RF switch controlled by a pulse module to transmit RF sig- 
nals to an RF coil assembly to acquire MR images. The MR 
apparatus further includes a computer programmed to 
generate and cause application of a phase-cycled SSFP 
pulse sequence to acquire MR data for a first and a second 
volume and acquire k-space of the first volume in a re- 
verse centric phase encode order. The computer is further 
programmed to acquire k-space of the second volume in 
a centric phase encode order. 

[0015] | n accordance with yet another aspect of the present in- 
vention, a computer readable storage medium is disclosed 
and has a computer program stored thereon, and repre- 



senting a set of instructions that when executed by a 
computer causes the computer to cause application of a 
first SSFP pulse sequence to acquire data for a first vol- 
ume, wherein RF pulses of the first SSFP pulse sequence 
have a first phase increment. The computer is also caused 
to acquire MR data of the first volume in a reverse centric 
phase encode order and cause application of a second 
SSFP pulse sequence to acquire data for a second volume, 
wherein RF pulses of the second SSFP pulse sequence have 
a second phase increment, the second phase increment 
being different than the first phase increment. The com- 
puter is also programmed to acquire MR data of the sec- 
ond volume in a centric phase encode order. 
[0016] Various other features, objects and advantages of the 

present invention will be made apparent from the follow- 
ing detailed description and the drawings. 
Brief Description of Drawings 

[0017] The drawings illustrate one preferred embodiment 

presently contemplated for carrying out the invention. 
[0018] | n the drawings: 

[0019] pig. 1 is a schematic block diagram of an MR imaging sys- 
tem for use with the present invention. 



[0020] pig. 2 is a schematic diagram of a sequential and an ellip- 
tic centric k-space view ordering scheme. 

[0021] pig. 3 illustrates timing diagrams for MR data acquisition 
for a sequential k-space sampling versus a reverse elliptic 
view and elliptic k-space sampling. 

[0022] Fig. 4 is a schematic diagram of a phase-cycling SSFP 

pulse sequence imaging scheme with reverse elliptic cen- 
tric phase encode order acquisition followed by an elliptic 
centric phase encode order acquisition in accordance with 
the present invention. 

[0023] Fig. 5 is a graphic illustration of a SSFP pulse sequence. 

Detailed Description 

[0024] a system is shown to acquire MR data using a phase-cy- 
cled SSFP pulse sequence with a reverse elliptic centric 
phase encode sampling to acquire k-space for a first vol- 
ume followed by a elliptic centric phase encode sampling 
to acquire k-space for a second volume. Dummy and dis- 
carded acquisitions are played out between imaging of the 
first and second volumes. 

[0025] Referring to Fig. 1, the major components of a preferred 
magnetic resonance imaging (MRI) system 10 incorporat- 
ing the present invention are shown. The operation of the 



system is controlled from an operator console 12 which 
includes a keyboard or other input device 13, a control 
panel 14, and a display screen 16. The console 12 com- 
municates through a link 18 with a separate computer 
system 20 that enables an operator to control the produc- 
tion and display of images on the display screen 16. The 
computer system 20 includes a number of modules which 
communicate with each other through a backplane 20a. 
These include an image processor module 22, a CPU 
module 24 and a memory module 26, known in the art as 
a frame buffer for storing image data arrays. The com- 
puter system 20 is linked to disk storage 28 and tape 
drive 30 for storage of image data and programs, and 
communicates with a separate system control 32 through 
a high speed serial link 34. The input device 13 can in- 
clude a mouse, joystick, keyboard, track ball, touch acti- 
vated screen, light wand, voice control, or any similar or 
equivalent input device, and may be used for interactive 
geometry prescription. 
[0026] The system control 32 includes a set of modules con- 
nected together by a backplane 32a. These include a CPU 
module 36 and a pulse generator module 38 which con- 
nects to the operator console 12 through a serial link 40. 



It is through link 40 that the system control 32 receives 
commands from the operator to indicate the scan se- 
quence that is to be performed. The pulse generator 
module 38 operates the system components to carry out 
the desired scan sequence and produces data which indi- 
cates the timing, strength and shape of the RF pulses pro- 
duced, and the timing and length of the data acquisition 
window. The pulse generator module 38 connects to a set 
of gradient amplifiers 42, to indicate the timing and shape 
of the gradient pulses that are produced during the scan. 
The pulse generator module 38 can also receive patient 
data from a physiological acquisition controller 44 that 
receives signals from a number of different sensors con- 
nected to the patient, such as ECC signals from electrodes 
attached to the patient. And finally, the pulse generator 
module 38 connects to a scan room interface circuit 46 
which receives signals from various sensors associated 
with the condition of the patient and the magnet system. 
It is also through the scan room interface circuit 46 that a 
patient positioning system 48 receives commands to 
move the patient to the desired position for the scan. 
[0027] The gradient waveforms produced by the pulse generator 
module 38 are applied to the gradient amplifier system 42 



having G , G , and G amplifiers. Each gradient amplifier 
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excites a corresponding physical gradient coil in a gradi- 
ent coil assembly generally designated 50 to produce the 
magnetic field gradients used for spatially encoding ac- 
quired signals. The gradient coil assembly 50 forms part 
of a magnet assembly 52 which includes a polarizing 
magnet 54 and a whole-body RF coil 56. A transceiver 
module 58 in the system control 32 produces pulses 
which are amplified by an RF amplifier 60 and coupled to 
the RF coil 56 by a transmit/receive switch 62. The result- 
ing signals emitted by the excited nuclei in the patient 
may be sensed by the same RF coil 56 and coupled 
through the transmit/receive switch 62 to a preamplifier 
64. The amplified MR signals are demodulated, filtered, 
and digitized in the receiver section of the transceiver 58. 
The transmit/receive switch 62 is controlled by a signal 
from the pulse generator module 38 to electrically con- 
nect the RF amplifier 60 to the coil 56 during the transmit 
mode and to connect the preamplifier 64 to the coil 56 
during the receive mode. The transmit/receive switch 62 
can also enable a separate RF coil (for example, a surface 
coil) to be used in either the transmit or receive mode. 
[0028] The MR signals picked up by the RF coil 56 are digitized 



by the transceiver module 58 and transferred to a memory 
module 66 in the system control 32. A scan is complete 
when an array of raw k-space data has been acquired in 
the memory module 66. This raw k-space data is rear- 
ranged into separate k-space data arrays for each image 
to be reconstructed, and each of these is input to an array 
processor 68 which operates to Fourier transform the data 
into an array of image data. This image data is conveyed 
through the serial link 34 to the computer system 20 
where it is stored in memory, such as disk storage 28. In 
response to commands received from the operator con- 
sole 12, this image data may be archived in long term 
storage, such as on the tape drive 30, or it may be further 
processed by the image processor 22 and conveyed to the 
operator console 12 and presented on the display 16. 
[0029] The present invention is directed to a reverse elliptic cen- 
tric and an elliptic centric sampling of k-space, such as 
that described in USP 6,201,393 to Bernstein et al. In con- 
trast to conventional sequential sampling of k-space, re- 
verse elliptic centric and elliptic centric view ordering of 
k-space, samples the acquired MR signal such that k- 
space is filled in a spiraled fashion to and from the center 
of k-space, respectively. For example, shown in Fig. 2 are 



two k-space representations: a sequential k-space 70s 
and an elliptic centric k-space 70e. Each k-space includes 
a center of k-space 72s, 72e, an intermediate section of 
k-space 74s, 74e extending radially from the center of k- 
space 72s, 72e. The periphery of each k-space is defined 
at 76s and 76e, respectively. 
[0030] As shown, in a sequential acquisition of k-space 70s, 
phase encode data is acquired in a linear manner 78s. 
Specifically, a row or column of k-space 70s is completely 
sampled before another row or column is sampled. In 
contrast, elliptic centric acquisition of k-space 70e first 
acquires the center of k-space 72e and spirals out (as 
shown by line 78e) to acquire the intermediate and pe- 
riphery of k-space 74e and 76e, respectively. Reverse el- 
liptic centric k-space acquisition acquires the periphery of 
k-space 76e and spirals inwardly (not shown) to acquire 
the intermediate and center of k-space 74e and 72e, re- 
spectively. 

[0031] Referring now to Fig. 3, a pair of timing diagrams com- 
pares sequential acquisition of a pair of imaging volumes 
with a reverse elliptic centric and elliptic centric acquisi- 
tion of a pair of imaging volumes. As shown in timing dia- 
gram 80s, periphery of k-space 76s is first acquired fol- 



lowing a series of dummy acquisitions 82s. The dummy 
acquisitions are played out to allow spins of the nuclei in 
the first imaging volume to be brought to steady-state. As 
referenced in Fig. 2, sequential sampling of k-space cor- 
responds to a row-by-row or column-by-column acquisi- 
tion of k-space. As such, a number of rows (columns) that 
correspond to the periphery of k-space are first acquired 
with a sequential k-space acquisition 80s. As shown in di- 
agram 80s, the center of k-space 72s is acquired inter- 
mittently. That is, after a portion of the center of k-space 
72s is acquired for a particular row (column), peripheral 
regions of k-space 74s and 76s for the same row 
(column) and the next row (column) are acquired before 
data for another portion of the center of k-space is ac- 
quired. With the sequential acquisition of k-space, both 
imaging volumes are acquired in the same manner. In this 
regard, the centers of k-space of the imaging volumes are 
separated by the time experienced to acquire one volume. 
[0032] on the other hand, with a reverse elliptic centric and ellip- 
tic centric view ordering or filling of k-space, the time ex- 
perienced between the acquisitions of the centers of k- 
space is equal to the time to play out dummy or discarded 
acquisitions between imaging of the volumes. For exam- 



pie, still referring to Fig. 3, timing diagram 80e illustrates 
the timing of data acquisition for a pair of imaging vol- 
umes. As shown, the entirety of the periphery of k-space 
76e is acquired of a first imaging volume after a series of 
discarded acquisitions 82e are played out to bring the 
first volume to steady-state. Once the periphery of k- 
space is acquired 76e, the entire intermediate portion of 
k-space 74e is acquired followed by sampling of the MR 
signal to fill the center of k-space 72e. In this regard, the 
first imaging volume is acquired with a reverse elliptic 
centric view ordering scheme. 
[0033] The second imaging volume is acquired using an elliptic 
centric view ordering scheme and, as such, the center of 
k-space 72e is first acquired, then the intermediate por- 
tion of k-space 74e, and then the k-space periphery 76e 
is acquired. It should be noted that the second imaging 
volume is not imaged until a series of dummy or dis- 
carded acquisitions 84 are played out after the first imag- 
ing volume is imaged. As such, the time experienced be- 
tween the acquisitions of the respective centers of k- 
space is equal to the time necessary to play out discarded 
acquisitions 84. 

[0034] with phase-cycled SSFP imaging, the RF pulses of the SSFP 



pulse sequence have a phase increment different for 
imaging of the second volume than used to image the first 
volume. In essence, to image two volumes sequentially, a 
first SSFP pulse sequence is applied to image the first vol- 
ume wherein the RF pulses have a first phase increment 
and a second SSFP pulse sequence is applied to image the 
second volume wherein the RF pulses have a second 
phase increment different from the first phase increment. 
In conventional phase-cycled imaging, the transition be- 
tween phase-cycling occurs instantaneously. In accor- 
dance with the present invention, the transition in phase- 
cycling occurs gradually. 
[0035] Referring now to Fig. 4, timing diagram 80e described 

with respect to Fig. 3 is shown relative to a phase-cycling 
scheme 86. In the illustrated example, the phase 87 of the 
RF pulses of the SSFP pulse sequence to image the first 
volume are incremented at each TR by n radians. This 
phase increment is maintained throughout the entire re- 
verse elliptic centric acquisition 88 of k-space. As de- 
scribed, with the reverse elliptic centric acquisition, the 
periphery of k-space 76e is acquired first and the center 
of k-space 72e is acquired last for the first imaging vol- 
ume. After the first imaging volume is imaged and prior to 



the imaging of the second volume, a discarded acquisi- 
tions segment 84 is played out. After the discarded acqui- 
sitions segment 84, the second imaging volume is imaged 
using a SSFP pulse sequence wherein the RF pulses have a 
phase increment different from the phase increment of 
the RF pulses of the SSFP pulse sequence used to image 
the first volume. In the illustrated example, the RF pulses 
of the SSFP pulse sequence to acquire data from the sec- 
ond volume have a phase increment 90 set to zero. It is 
during the discarded acquisitions segment 84 that the 
transition from the first RF pulse phase increment to the 
second RF pulse phase increment occurs. The choice of RF 
phase increment is arbitrary, so long as the RF phase in- 
crement of the second imaging volume differs from the RF 
phase increment of the first imaging volume. 
[0036] By ramping the transition during the discarded acquisi- 
tions segment 84, only a small change in the RF phase in- 
crement is introduced at each TR and the SSFP condition 
may be maintained. This ramping in phase increment is il- 
lustrated by solid slope-line 92. One skilled in the art will 
readily appreciate that the ramping may be shortened, as 
represented by dashed slope-line 94 such that some dis- 
carded or dummy acquisitions are acquired at the new RF 



pulse phase increment and the spins in the second vol- 
ume may relax to the new steady-state condition. The 
ramping or modulating of the RF phase-cycling limits 
transient oscillatory signals that negatively affect image 
quality. Moreover, the transition between phase-cycling 
schemes need not be purely linear as illustrated in Fig. 4. 
The time for transition between phase-cycling at each TR 
should not be too large to induce oscillatory signal behav- 
ior. 

[0037] Referring now to Fig. 5, a SSFP pulse sequence 94 is 

graphically shown. Pulse sequence 94 includes an RF ex- 
citation pulse 96 that is produced in the presence of a 
slice select gradient pulse 98 to produce transverse mag- 
netization in a 3D volume. A phase encoding gradient 
pulse 100 follows the slice select gradient pulse 98 and is 
directed along a z-axis and a phase encoding gradient 
pulse 102 is directed along a y-axis. A readout or fre- 
quency encoding pulse 104 is directed along an x-axis 
whereupon an MR signal 106 is acquired and processed in 
accordance with well-known imaging techniques. To 
shorten scan times, a partial echo may be sampled. After 
the acquisition, rewinder gradient pulses 108 and 110 are 
applied to rephrase the magnetization before the pulse 



sequence is reapplied. If a full echo is sampled, a rewinder 
gradient pulse in the frequency encoding direction may be 
applied as well. As is well known, the pulse sequence is 
repeated until k-space for an imaging volume is acquired. 
For phase-cycled SSFP imaging in accordance with the 
present invention, the phase increment of the RF pulse is 
ramped each TR so that the phase increment of the RF 
pulses of the SSFP pulse sequence to image a second vol- 
ume is different from the phase increment of the RF 
pulses used to image a first volume. 
[0038] The present invention is directed to a multi-volume imag- 
ing protocol that uses a phase-cycled SSFP pulse se- 
quence to acquire MR data from each volume. Discarded 
acquisition or dummy acquisitions are played out between 
acquisition of the volumes. Since the center of k-space 
contains most of the information contributing to image 
signal, the present invention includes an imaging protocol 
that uses different k-space view ordering of the MR ac- 
quisition to acquire the center of k-space for each of two 
volumes within close temporal proximity. Application of 
this protocol reduces the likelihood of gross mis- 
registration in the two volumes. Specifically, the protocol 
is directed to the application of phase-cycled SSFP pulse 



sequences with a reverse elliptic centric view ordering of 
k-space for a first volume and an elliptic centric view or- 
dering of k-space for the second volume. Thus, in the 
slice and phase encoding directions, data acquisition spi- 
rals into the center of k-space for the first volume dataset 
and spirals out from the center of k-space for the second 
volume dataset. The time between acquisition of the cen- 
ters of k-space is separated by the time required to apply 
dummy repetitions to bring the second volume to a 
steady-state condition. 
[0039] The present imaging protocol utilizes the steady-state 
condition from the first acquired volume to make a 
smooth, non-oscillatory transition to the new steady-state 
condition for the second image volume that is acquired 
with an elliptic centric view ordering. In this regard, the 
protocol purposely disrupts steady-state conditions of the 
anatomy of interest after acquisition of the first volume to 
reduce oscillatory transient signals in the second volume. 
Gradual modulation of the RF phase-cycling scheme mini- 
mally affects the steady-state condition such that imaging 
may take place while the modulation is carried out. With 
the present invention, modulation of the RF phase-cycling 
scheme is applied during the dummy repetitions between 



imaging of the volumes. Easing the transition between 
phase-cycling schemes with RF phase modulation re- 
duces, if not eliminates, oscillations in the MR signal. Ad- 
ditional time for the discarded acquisitions after the tran- 
sition to the new phase-cycling scheme is preferred to al- 
low the MR signal to come to a new steady-state. Oscilla- 
tory behavior is not observed in resonance or off- 
resonance spins during this transition time. 

[0040] The above-described imaging protocol and the associated 
pulse sequences may be embodied in a computer program 
representing a set of instructions executable by one or 
more computers/processors of an MR imaging system 
such as that shown in Fig. 1. The computer program may 
also take the form a computer data signal embodied in a 
carrier wave that is uploadable/downloadable to an MR 
imaging system such as that shown in Fig. 1. 

[0041] phase-cycled SSFP pulse imaging in accordance with the 
present invention is less susceptible to motion induced 
artifacts and, as such, the imaging sequence is less likely 
to provide non-diagnostically valuable images thereby re- 
ducing the need for reacquiring data and/or requiring 
multiple exams of the subject. An imaging protocol in ac- 
cordance with the present invention may also increase the 



subject population which can be studied with phase-cy- 
cled SSFP imaging. Certain patient populations, such as 
children, are prone to motion during MRI exams and, as 
such, are not good candidates for study with known 
phase-cycled SSFP imaging protocols. The present inven- 
tion may make imaging of these subjects more feasible. 
Additionally, current imaging techniques are capable of 
obtaining diagnostic quality images with much higher 
spatial resolution than is used clinically. Lower resolution 
clinical protocols are used because of the increased sensi- 
tivity to motion of higher resolution imaging. As such, de- 
creasing sensitivity to motion with the present invention 
may allow for more reliable use of higher resolution imag- 
ing protocols. 

[0042] Therefore, in accordance with one embodiment, the 

present invention includes a method comprising the steps 
of applying at least one SSFP pulse sequence to acquire 
MR data from at least one volume. The method further in- 
cludes acquiring MR data from the at least one volume in 
an elliptic centric phase encode order. 

[0043] | n accordance with another embodiment of the present in- 
vention, an imaging protocol is disclosed and configured 
to image a first and a second volume. The protocol in- 



eludes a first SSFP pulse sequence configured to acquire 
MR data for a first volume in a reverse centric phase en- 
code order and a second SSFP pulse sequence configured 
to acquire MR data for a second volume in a centric phase 
encode order. The protocol also includes a discarded ac- 
quisitions segment configured to be played out after the 
first SSFP pulse sequence and before the second SSFP 
pulse sequence. 

[0044] According to another embodiment, the present invention 
includes an MR apparatus having a magnetic resonance 
imaging (MRI) system having a plurality of gradient coils 
positioned about a bore of a magnet to impress a polariz- 
ing magnetic field and an RF transceiver system, and an 
RF switch controlled by a pulse module to transmit RF sig- 
nals to an RF coil assembly to acquire MR images. The MR 
apparatus further includes a computer programmed to 
generate and cause application of a phase-cycled SSFP 
pulse sequence to acquire MR data for a first and a second 
volume and acquire k-space of the first volume in a re- 
verse centric phase encode order. The computer is further 
programmed to acquire k-space of the second volume in 
a centric phase encode order. 

[0045] | n accordance with yet another embodiment of the present 



invention, a computer readable storage medium is dis- 
closed and has a computer program stored thereon, and 
representing a set of instructions that when executed by a 
computer causes the computer to cause application of a 
first SSFP pulse sequence to acquire data for a first vol- 
ume, wherein RF pulses of the first SSFP pulse sequence 
have a first phase increment. The computer is also caused 
to acquire MR data of the first volume in a reverse centric 
phase encode order and cause application of a second 
SSFP pulse sequence to acquire data for a second volume, 
wherein RF pulses of the second SSFP pulse sequence have 
a second phase increment, the second phase increment 
being different than the first phase increment. The com- 
puter is also programmed to acquire MR data of the sec- 
ond volume in a centric phase encode order. 
[0046] The present invention has been described in terms of the 
preferred embodiment, and it is recognized that equiva- 
lents, alternatives, and modifications, aside from those 
expressly stated, are possible and within the scope of the 
appending claims. 



